This paper presents the approach followed to develop a course that introduces reliability into the design of power electronics converters. The course is part of the curriculum of a master of science in electrical engineering program, and it is aimed at providing reliability tools that can be used in a straightforward manner, while avoiding the mathematical intricacies. The reliability calculations are performed according to the Military Handbook 217, using the evaluation version of a commercial software package which greatly reduces the computational burden usually associated with this task. The course assessment shows that, after attending the course, students were able to improve the mean time between failures in a power-electronics converter, from a minimum of 5%, up to 100%.
I. INTRODUCTION
The proper specification of components and devices for a power-electronics converter is a necessity, either if the converter is a one-time laboratory prototype, as usually occurs in an academic environment, or if it is intended for volume production.
The emphasis in the teaching of power electronics, however, is in the evolution of voltages and currents in the circuit, and many text books include exhaustive mathematical analysis, often providing a detailed design procedure to calculate the passive components required in a particular configuration. Practical design approaches recognize the importance of selecting suitable devices, but fail to provide clear guidelines for the selection procedure [1] .
When it comes to components selection, the amount of material included varies widely from book to book. At the lower end, in terms of coverage, are a few books that provide only a very brief overview of switching devices [2] . In an intermediate level are books that include guidelines to design snubbers and gate drivers [3] , [4] , and those that discuss thermal issues and heat sink design [5] , [6] .
At the top end are the books that devote several chapters to these topics, although passive components, such as capacitors, usually receive little attention [7] , [8] . Only a few books deal specifically with reliability topics, but with a limited scope [9] .
The National Center for Research and Development of Technology (Cenidet) grants a master degree in electrical engineering (MSEE), with focus in power electronics. All students are required to write a dissertation, which involves building and testing a laboratory prototype. It was found that the students, although quite capable in theoretical issues, lacked the knowledge necessary to design high endurance converters, a task that depends heavily in component selection. This is an important issue, because the Center also conducts research in the field of photovoltaic systems. In these systems the solar panels exhibit large operational lives, in excess of twenty years, but the power-processing stages have much shorter lives. A goal is to attain electronic power converters with a mean time to first failure of ten years [10] , [11] .
Students learn to specify components in two different ways. The first one is based on economic criteria, selecting the leastexpensive components for the task. In the second one, some safety margins are applied in order to select the components. The second approach is, in fact, based on some implicit reliability criterion, and several papers, both early and recent, provide guidance [12] , [13] . Further information can be found in applications notes [14] , but this information is widely scattered, and the students usually had to go through a rather long learning period. It was deemed desirable, then, to include in the curriculum a course that provides the basic analytical tools in an efficient manner. The course is aimed at shortening the learning period, and at providing explicit criteria to design high reliability converters. This paper describes the manner in which the tools were included in the curriculum, and the results obtained.
II. COURSE OUTLINE
The enrollment in the MSEE program is low, with a yearly average of 15 new students (in September). The MSEE curriculum is organized in six four-month terms, each term spanning 13 weeks. Mathematics and electromagnetism are the first term core courses. The second term includes courses in solid state devices, and switching converters. The third term covers topics such as modeling and control of switching converters, modulation techniques, and motor control. The remaining terms are dedicated to a dissertation, and to seminars about research topics (power factor correction, lighting applications, induction heating, etc.)
All students are required to enroll in the reliability course because the dissertation involves building and testing a laboratory prototype. They start working in the dissertation during the third term, mostly doing bibliographic research. Typically, the experimental activities occur at the end of the forth, and during the fifth terms. Courses' duration ranges from a minimum of 10 hours per term, up to 54 hours per term. The curriculum is already heavily loaded. Thus, it was decided that the reliability material would be covered in a stand-alone 15-hours course, with a single 90-minutes session per week, and spanning weeks 1 through 10 of the third term.
During the planning stage, the following issues were taken into account: 1) Undergraduate curricula in electrical and electronics engineering do not include courses related to reliability, and students have a rather fuzzy idea of what reliability prediction is about. The course should clarify the fact that reliability prediction is probabilistic in nature.
2) The course is not intended to be a formal, theoretical reliability course. Rather, it is specifically aimed at the application of several tools that help design converters with a better reliability.
3) The reliability analysis follows the guidelines provided by the military handbook Mil-Hdbk 217 [15] . While it is true that this methodology may not be in common use today, its philosophy is shared by many other reliability prediction methodologies. The difference between them lies in the stress factors (the π factors) which are numerically different. In fact, the Mil-Hdbk 217F yields over-conservative estimates. 4) Only series systems will be considered, since practically all the power-electronics converters fall into this category. Also, it will be assumed that the failure rate λ remains constant. 5) The reliability tools are applied to power converters the students are already familiar with. To relieve the computational burden, whenever possible reliability calculations are performed using software packages. Several companies, such as Relex, provide free evaluation versions that can be used throughout the course [16] . The sessions are organized as follows: An introductory session. During the first session, the instructor hands to the students diagrams of well-known powerelectronics converters. To help cover a broader range of devices, each student receives a different diagram. The diagrams include information about the components values (for capacitors, inductors and resistors), and the voltage and current stresses on the solid-state devices. The students are then asked to specify all the elements, and a week is allotted for this task.
Solid state devices are covered in a previous course, and students are familiar with its characteristics and limitations. That is not the case when it comes to passive components. Capacitors in particular are often misunderstood and misapplied, in spite of the fact that students deal with them on a daily basis. Therefore, two sessions are devoted to describe the characteristics and parasitics of passive components.
The next three sessions are devoted to the basics of reliability. Concepts such as failure rate, mean time to failure, and availability are explained. The material presented to the students is based in books that spare the mathematical intricacies [17] , [18] . One session is devoted to the MilHdbk 217F. Special attention is paid to the methodology to calculate the reliability, and to the stress factors that apply to the components and devices usually found in power electronics circuits. Students learn how the stress factors are influenced by temperature, the voltage applied between terminals, etc.
The following three sessions are dedicated to detailed calculation examples. Several simple circuits are analyzed first, and the behavior of the stress factors on a single device is discussed. More complicated circuits are analyzed using the Relex evaluation software, which performs the methodology described in the handbook 217, and includes the failure rates data base. The methodology is applied to an interleaved boost converter aimed at photovoltaic systems. The converter was built previously and has been fully characterized. Therefore, all data needed for the reliability calculations (power dissipated by the transistors, voltage and current stresses, etc.) is already available.
The Mil-Hdbk 217F does not include new switching power devices, such as IGBTs. Therefore, in the tenth session a brief introduction to the reliability prediction model suggested by the IEC technical report TR 62380 is provided [19] . The students are handed back the homework from the first session, and are asked to review their original components selection. In this session students also receive their final assignment, to be delivered at the end of the term.
III. FAILURE RATES AND RELIABILITY ESTIMATION
Reliability estimation follows a bottom-top approach. The reliabilities of individual components are calculated first, and then combined to obtain the overall reliability of an assembly.
Let λ represent the failure rate of an electronic component (that is, the number of failures within a components population, over the total run hours). Reliability estimations are usually made for the useful life of the component, and it is generally assumed that the failure rate remains constant during this time. The reliability R(t) of the component is the probability of the component surviving to time t, and is given by [20] :
A series system, in the reliability sense, is composed of a series of elements, the failure of any of which will result in a system failure. In a series system that includes n elements, the overall failure rate λ SY ST EM is given by:
where λ j corresponds to the individual failure rates of the elements. The overall reliability R SY ST EM (t) is then:
Reliability can be specified as the mean time between failures MTBF, for systems that can be repaired, or as the mean time to failure MTTF, for non-repairable systems. The relationship between MTBF and the failure rate is:
Clearly, key parameters to estimate the system reliability are the individual failure rates for each component. The readily available military handbook Mil-Hdbk 217F includes information about the basic failure rates of electronic components [15] . However, in order to be valid, the data listed must correspond to the intended environmental and operational conditions. If there is a difference, the failure rates must be properly adjusted. A well-known analytical technique for making the adjustment of environmental differences is the Arrhenius model, which is a relationship between degradation and temperature. A refinement of the Arrhenius model is the Eyring model. The Eyring model is used to deal with stress and environmental adjustments to failure rates estimates. A typical failure rate estimation model in the Mil-Hdbk 217F is in the form:
where λ is the adjusted failure rate, λ b is the base value listed in the handbook, and π i corresponds to stress factors. A general purpose diode is an illustrative example. According to handbook 217F, the failure rate is given by:
The base value λ b listed is 0.0038 Failures/10 6 Hours. The temperature stress factor π T should be calculated with:
where T j is the junction temperature (°C). The temperature stress factor π T is equal to 0.398 at 0 • , and to 13.54 at 125°C. The voltage stress factor π S depends on the ratio between the applied voltage V APP , and the rated voltage V NOM . It is plotted in Fig. 1 .
The contact construction factor π C equals 1 for metallurgically bonded devices, and equals 2 for non-metallurgically bonded diodes. The quality factor π Q has a minimum value of 0.7 for JANTXV high reliability, military qualified devices; and a maximum value of 8 for plastic devices. The environmental stress factor π E equals 1 for a ground benign environment (non-mobile, temperature and humidity controlled environment), equals 9 for a ground mobile environment (equipment installed on wheeled vehicles), and is higher for harsh environments (airborne, and naval applications). The reliability of the system the diode is part of can be improved by judiciously adjusting the stress factors. To illustrate this point, consider the comparison between using V APP = 0.75 V NOM , and V APP = 0.3 V NOM . According to Fig.  1 :
Therefore, derating the applied voltage down to 0.3 V NOM provides an improvement in the failure rate. However, using lower values for V APP does not provide further improvements.
IV. CASE STUDY I: POWER BIPOLAR TRANSISTOR
The Mil-Hdbk 217 states that, for high frequency, high power bipolar transistor, the temperature stress factor π T equals 1.1. This value applies for a junction temperature T J < 100°C, V CE /BV CES = 0.5, and aluminum metallization. The following equation is provided for higher junction temperatures:
The junction temperature depends on the ambient temperature T A , and the power dissipated by the transistor P T . In turn, the power dissipated depends on the commutation speed (usually expressed in terms of the turn-on t on , and turn-off t o f f times), the current flowing through the transistor, the voltage across its terminals, and the switching frequency f S . The effect of the switching frequency on π T is investigated using the buck converter shown in Fig. 2 . The constant load current simulates a large inductive load.
The overall losses P T are given by:
The conduction losses P COND depend on the ratio between the conducting interval t ON , and the switching period T S : If the collector current i C behaves linearly during the switching transients, the turn-on losses P ON , and the turn-off losses P OFF can be calculated with:
Once the total power dissipated is known, the junction temperature can be evaluated using the electro-thermal analogy:
where R θ JA is the thermal resistance between junction and ambient. the switching frequency above 130 kHz produces a large increment in π T which, in turn, will reduce the reliability.
V. CASE STUDY II: INTERLEAVED BOOST CONVERTER
The interleaved boost converter shown in Fig. 4 was selected as the second case study. It has already been fully characterized, and a complete set of measurements of currents and voltages in the circuit is available. If needed, further measurements can be taken without much trouble.
The converter is well suited for photovoltaic applications because it draws an almost constant current from the source, without requiring further stages. The current i PV includes a ripple at twice the switching frequency f S , and is divided between the paralleled stages. Therefore, for the same output power, an interleaved converter requires devices with a lower current rating than the conventional boost converter. For proper operation, there must be a T S /2 time delay between the gating signals provided to Q1 and Q2.
The converter design objectives were as follows: The interleaved converter is derived from the boost converter. Thus, its design procedure is very much alike to the procedure used for the latter one. It is assumed that the converter operates in the continuous conduction mode, and the design equations are obtained by performing an energy balance at the inductors [9] . According to the design procedure, the passive elements are L1 = L2 = 3.47 mH, and C = 3.6 µF. A polypropylene, metallized film capacitor is used. The maximum voltage across transistors Q 1 and Q 2 , and diodes D 1 and D 2 is 229 V. Assuming an efficiency η = 95%, at full power the input current delivered by the PV cells is I PV = 8A. Fig. 5 shows typical switching waveforms at one of the transistors. The upper graph illustrates the current i D· , the middle graph corresponds to the voltage V DS , and the lower one corresponds to the power dissipated by the device. The graphs were obtained for a converter built with SPP12N50C3 devices, rated at 12 A, 560 V.
A. Reliability calculations
Once the components types and values are known, the failures rates λ b can be readily obtained from Mil-Hdbk 217F. The software package calculates the stress factors when maximum voltage, current, and power dissipation for each component are provided. It also calculates and plots reliability parameters, such as failure rate or MTBF, and its behavior over temperature or time. Fig. 6 depicts the complete converter failure rate over temperature, and the capacitor, transistors, and diodes individual rates. The inductors are not included in this graph because its failure rates are almost negligible. Clearly, the most failure-prone devices are the power transistors. It should be pointed out that the control circuitry was not included in the calculations.
Analyzing the stress factors, it is found that the highest contribution is due to π T . In turn, this factor is related to the power dissipated by the transistors. It makes sense, then, to reduce the dissipation in order to increase the reliability. One way to achieve this reduction is by using transistors with a lower on-resistance. Fig. 7 shows the overall failure rate when the PV system is built with different transistors belonging to the same family, but with increasingly higher current ratings: 4.5 A, 8A, 12A, 16A and 21A. All transistors are in the TO220 package, regardless of the current rating. Fig. 8 shows the failure rates associated with the transistors. It can be noticed that increasing the current rating up to 16 A provides a reduction in the failure rate (fourth item, from left to right). However, a further increment in the current rating does not provide a higher reliability. The reason is that, although the conduction losses are smaller, the losses associated to gate drive are higher because there is a larger input capacitance CISS. Therefore, from the reliability point of view, the optimum transistor is the one rated at 16A, although by a small margin when compared with the one rated at 12 A, at its left.
VI. COURSE ASSESSMENT
Weekly assignments during the middle sessions were similar to case study I, aimed at analyzing the effect of the stress factors on single devices.
The final assignment goal is to improve the reliability of the circuits delivered during the introductory session, taking into account several restrictions. The first one is that the environment is selected as ground, fixed. The second one is that only plastic or commercial grade devices can be selected. The third restriction specifies an ambient temperature equal to 40 • C. As a first step, students are asked to identify the element with the highest contribution to the failure rate, and the dominant stress factor for each element in the circuit. The next step is to improve the failure rate, adjusting only one stress factor in each device. Finally, students are asked to improve the reliability by modifying the stress factors as they see fit, and they can either change components or retain what was previously selected. In either case, they are asked to elaborate on the reasons for their decisions.
The results are as follows:
• In the first step, all students are able to identify both the most failure-prone component, and the stress factor with the highest contribution to the failure rate.
• In the second step, 90% of the proposed adjustments for switching devices are in the temperature stress factor, and are performed by specifying a lower R θ DA . In the remaining 10%, transistors with a higher voltage rating were selected. For passive components, in all cases the adjustment is to the voltage stress factor.
• In the final step, all students attempt to select different switching devices and capacitors, while retaining the previously selected inductors and resistors. In some cases, available component ratings do not allow for new selections, as is the case of power transistors, which are offered in a few voltage ratings. Whenever possible, however, different devices are selected. At the beginning of the course, the students usually select solid-state components from families they have used previously, and voltage derating in the range 0.9 ≥ V APP /V NOM ≥ 0.7. The second choice involves voltage derating in the range 0.8 ≥ V APP /V NOM ≥ 0.5. When compared with other guidelines, such as the one provided by the European Space Agency (ESA) for component derating, it turns out that new voltage ratings are overconservative (ESA recommends 0.8 ≥ V APP /V NOM ≥ 0.75, depending on the transistor type [21] ). Power dissipation ratings and maximum junction temperature, however, were within ±15% of the value suggested by ESA.
Capacitor selection is a cumbersome task, and it seems that in the first list the capacitors were selected at random. Besides the obvious capacitance value, in almost all the circuits only the voltage rating was taken into account. In the reviewed list, students also considered the thermal performance.
Afterwards, the reliability parameters are calculated for both parts lists. Taking the first value as a reference, results were as follows:
• Minimum MTBF improvement was 5%.
• Maximum MTBF improvement was 100%.
• The MTBF average improvement was around 80%. The cases with minimum improvements were technologically mature circuits, such as the well-known controlled and uncontrolled rectifiers. A couple of cases of minimum improvements occurred because the components first selected, although selected by chance, were well matched to the application.
VII. STUDENTS FEEDBACK
The course has already been offered four times, and a survey conducted at the end. The survey is aimed at evaluating how students perceive the course, and their degree of satisfaction. The following results have been obtained:
• A large percentage of students (74%) have a high degree of satisfaction and strongly agrees on the usefulness of the skill developed during the course.
• The remaining 26% is satisfied with the course, and agrees on the usefulness of the skill developed. Students appreciated the approach followed, particularly using a specialized software package. Although the examples described during the sessions, and homework assignments are simple enough to be easily solved with a spreadsheet, using dedicated software relieves the computational burden and lets them focus on the devices. The students that valued the most the course were those who intend to pursue a career at industry, and they expect the abilities learned to provide a competitive advantage. The course also induced an attitudinal change. Prior to the course, the major premise for component selection was price. The lowest-priced components that achieved a desired performance (usually measured in terms of efficiency) were selected, and long term consequences were ignored. After the course, students developed a more serious attitude toward the component-selection task.
Students were surveyed again, immediately after completion of the experimental work associated with their dissertations. At this stage, the rating was as follows:
• 20% strongly agrees on the usefulness of the skill developed,
• 50% agrees on the usefulness.
• 30% are neutral. It is interesting to notice that, although there is still a positive perception, it is not as optimistic as the one they have at the end of the course, when the first survey is applied. Further questioning revealed the reason behind the shift in perception.
Upon enrollment in the MSEE program, all students receive a two years, non-renewable scholarship. The pressure of meeting the deadline causes them to overestimate the usefulness of the tools and skill during the first survey which, coincidently, is applied when they are about to start building their prototypes. Simply stated, students expect too much of what they have just learned, and this occurs regardless of the fact that the limitations of reliability predictions are pointed out in the course. During the experimental work student recognize that there are other issues that must be taken into account, such as the proper placement of devices in a printed-circuit board.
VIII. CONCLUSIONS
This paper presents the approach followed to provide reliability tools to students in a MSEE program. For all the students, this course was the first experience with reliability topics, and it was organized in such a way that mathematical difficulties were avoided. Calculations were performed following the guidelines provided in Mil-Hdbk 217, using the evaluation version of a commercial software package which greatly reduces the computational burden usually associated with this task. Focusing in specific case studies enables the students to develop sound criteria for proper component selections, taking into account the effects on the stress factors. It is interesting to point out that, besides the knowledge gained from lectures and exercises, there was also an attitudinal change in the students, who developed a more serious attitude toward the componentselection task.
